A liquid droplet is placed on a rotating helical fiber. We find that the droplet may slide down, attach or climb up the fiber. We inspect experimentally the domain of existence of these three behaviors as a function of the geometrical characteristics of the fiber, its angle relatively to the horizontal, the wetting properties of the fluid and the rotating speed of the helix. A theoretical model is proposed in order to capture the boundaries of the experimental phase diagram.
INTRODUCTION
The study of the interaction between a liquid drop and a solid fiber is motivated by the fact this situation occurs in various applications such as mist collection [1] and fiber coating [2] . The static shape of a liquid drop on a horizontal fiber was first considered by Carroll [3] ad then by McHale and collaborators [4, 5] . Huang and coworkers [6] inspected the problem of the equilibrium of a liquid drop on a inclined fiber due to the hysteresis of the contact line. Lorenceau et al. [7] studied the capture dynamics of a drop impacting a horizontal fiber. The similar problem for the case of an inclined fiber was addressed by Piroird et al. [8] . Gilet and collaborators [9, 10] studied the dynamics of a drop sliding along a fiber paving the way to digital microfluidics on a wire. Other studies extend the limit case of a straight fiber toward more complex geometries such as conical [11] or functional fibers [12, 13] . Among all the possible shapes of fiber, helical ones are encountered in curly hairs, some plant tendrils [14] or springs. In this article, we inspect the stability and the dynamics of a liquid drop on a helical fiber put into rotation. First, the experimental behaviors of a drop on a rotating helical fiber are described. Domains for which these behaviors occur are explored depending on the helical fiber geometry and the wetting properties of the liquid. After that, a theoretical model is proposed in order to predict the transitions between the different regimes. Finally, we discuss the experimental and theoretical limitations of our approach.
PRELIMINARY OBSERVATIONS
We attached a steel fiber with a helical shape to the rotor of a motor [ Fig. 1-(a) ]. The rotating speed ω of the system can be varied from 0.1 rad/s to 10 rad/s. The fiber has a radius b, the helix has a pitch p and a radius R. The geometrical aspect of the helix defines a local slope β = tan −1 (p/2πR). This system is tilted from an angle α relatively to the horizontal. A liquid drop of volume V , density ρ, surface tension γ and dynamic viscosity η * S.Dorbolo@ulg.ac.be is gently placed at the end of the helical fiber and the rotating motion is started. The dynamics of the drop is recorded from the side with a camera. The pitch of the helix is p and its radius R. The system is put into rotation by a motor with a rotating speed ω and the speed of the drop along the helix axis is U . The central axis of the helical fiber is tilted by an angle α relatively to the horizontal and the gravitational acceleration is denoted g. (b) Chronophotography of a water drop pending at the end of a helix made of steel with b = 0.6 mm, R = 3.1 mm and p = 2.9 mm giving β = 8.5
• . The angular speed of the system is ω = 6.3 rad/s. The time interval between two positions is 1 s and the black line indicates 5 mm.
When the rotation starts, we observe situations where the drop stays at the bottom of a loop and thus follows the helix motion. If the rotation screws the helix upwards, the drop climbs the fiber [ Fig. 1-(b) ]. The purpose of this article is to inspect under which conditions the drop climbing motion occurs.
COMPLETELY WETTING LIQUIDS

Equilibrium state
The first question is to determine the maximal drop volume that can be placed on a static helical fiber without falling. In the case of a drop of a perfectly wetting fluid on a straight and horizontal fiber of radius b smaller than the capillary length a = γ/ρg, Lorenceau et al. [7] used geometrical considerations to predict that the maximal drop volume is V m,0 = 4π ba 2 . We study experimentally the impact of the fiber radius of curvature R on the maximal equilibrium volume V m [ Fig. 2-(a) One observes that for large fiber curvatures (R > 15 a), the maximal drop volume recovers the one V m,0 expected in the case of a straight and horizontal fiber. For smaller fiber curvature (R < 15 a), the maximal drop volume is smaller.
Dynamics
This section inspects the dynamics of a silicone oil drop placed at the free end of the helical fiber which rotates. We observe two different behaviors depending on the angle α of the helix relatively to the horizontal. Below a critical angle α c , the drop stays in the minimum potential of gravitational energy formed by a loop and thus follows the helix motion. If the rotation screws the helix upwards, the drop motion is correlated to the rotating motion of the helical fiber as shown in Fig. 3 -(a) and the system acts as an "open" Archimedes screw at the scale of a drop [15] . Thanks to geometrical considerations, the velocity of the bottom of a loop along the helix axis can be expressed as Rω tan(p/2πR). Figure 3 -(c) shows the measured velocity U of a drop along the helix axis as a function of this theoretical speed for different rotating speeds ω and different angles α lower than α c . The good agreement of the experimental and theoretical data proves that the drop perfectly slides along the fiber.
Above the critical angle α c , a drop of silicone oil placed on the fiber slides downwards whatever the rotating speed ω of the helix. Figure 3-(b) shows a situation where a drop, initially placed at the top of an inclined helical fiber, slides down. In such a regime, drop and helix motions are not correlated. This behavior occurs when the local slope of the helical fiber relatively to the horizontal is negative everywhere. As the drop perfectly • and α = 82
• for respectively (a) and (b). (c) Speed U of a drop along the helix axis as a function of the theoretical speed Rω tan(p/2πR) for different angles α below the critical angle αc. Blue dots, red squares, green triangle and purple diamonds correspond respectively to α = 0
• , α = 13
• , α = 23
• and α = 33
• .
wets the fiber, it can not sustain its own weight and it slides down. It implies that the critical angle of the helix above which a perfectly wetting drop slides down is α c = π/2 − β. For the helix considered in our experiments (cf. section 2), the theoretical value of the critical angle is α c = 81.5
• . This prediction is consistent with observations reported in Fig. 3-(a) and (b) and has been verified experimentally within a precision of 0.2
PARTIALLY WETTING LIQUIDS
Dynamics
The same experiments as described in the section 3 3.2 have been conducted with deionized water (η = 1.0 mPa · s, ρ = 1000 kg/s and γ = 72 mN/m), a liquid which does not wet perfectly the fiber. In addition to climbing and moving downwards motions observed previously, it exists situations where the drop is attached to the fiber. In this case, the water drop does not slide along the fiber but the hysteresis of the contact line balances its own weight. We inspected experimentally the behavior of water drop placed on a rotating helical fiber depending on its angle α and the drop volume V . Results of these experiments are shown as a phase diagram in Fig. 4 by the way of symbols. One observes that the transition between the climbing and the descending motion occurs for α = α c as discussed previously. The water drop attaches the fiber if its volume V is smaller than a critical volume V m,α which strongly depends on the slope α of the helix. Closer α is from the critical angle α c , larger is the critical volume below which the drop is attached to the fiber. Besides giving rise to a third regime, the hysteresis of the contact line also induces a stick-slip motion of the drop in a bottom of a loop during a climbing motion.
Model
In this section, we consider the critical volume V m,α below which a liquid drop attaches a rotating helical fiber. Huang et al. [6] studied the equilibrium of a liquid drop on a straight and inclined fiber. They showed that the hysteresis of the contact angle can induce a difference between the front and the back contact angle (respectively θ f and θ b ) of the drop on a fiber inclined of an angle α [ Fig. 5a ]. It results a force γ 2b (cos θ b − cos θ f ) able to balance the horizontal component of the drop weight ρV g sin α and lead to an equilibrium state. If θ+ and θ − Critical volume V m,α below which a water drop can stand on a straight fiber tilted with an angle α relatively to the horizontal as a function of the inclinaison. The fiber is made with the same material as the helical fiber in section 2 and has the same radius b = 0.6 mm. The best fit between experimental data (blue dots) and Eq. (2) is found for ∆ cos θ = 0.57 which is represented by the the black solid line. This method allows to determine the parameter ∆ cos θ with a precision of ±0.02.
are respectively the maximal front angle and the minimal back angle that the contact line can sustain, the maximal drop volume V m,α which is in equilibrium on a fiber tilted with an angle α is given by
Introducing the parameter ∆ cos θ = cos θ − − cos θ + which corresponds to the maximal contact angle hysteresis, the previous equation yields
The parameter ∆ cos θ is estimated experimentally by measuring the maximal angle α that a drop of a volume V m,α can sustain before sliding along a straight and tilted fiber. Figure 5 shows the measurements made on a straight fiber made with the same material as the helix considered in section 2. Fitting the data with the equation (2) allows to estimate: ∆ cos θ 0.57 ± 0.02.
In the case of a helical fiber, the local maximal angle α that a drop experiences is π/2−α−β. If we substitute this relation in Eq. (2), we get a theoretical estimation of the critical ratio V m,α /V m,0 below which a drop does not slide on a helical fiber
This theoretical boundary is plotted with dark solid lines in Fig. 4 . A relative agreement between the theoretical critical volume ratio and the experimental phase domains is observed. Moreover, Eq. (3) predicts the critical drop volume to change between the different regimes when the helix is horizontal or vertical (respectively α = 0 and α = π/2). In the case where the helix axis is horizontal, the drop follows the fiber motion if V /V m,0 > ∆ cos θ/2π cos β. In the opposite situation where the helical fiber axis is vertical, the drop can not sustain its weight and slides down when V /V m,0 > ∆ cos θ/2π sin β. As expected, larger the contact angle hysteresis ∆ cos θ, broader the domain where the liquid drop is attached to the helical fiber [indicated by red squares in Fig. 4 ]. When the geometrical angle of the helix β increases, the critical drop volume V m,α which follows the horizontal motion of the helix does the same whereas the critical drop volume before sliding down a vertical helix is decreased. For a given liquid and fiber material, playing with helix geometrical properties (by the way of its angle β) is a way to control drops behavior.
DISCUSSIONS
Rotating speed
We showed that the speed of a drop U along the helix direction is proportional to Rω. However, as the rotating speed of the helix is increased, the fluid deposition of the drop is enhanced. At very large rotating speed, the amount of liquid coating the helical fiber becomes nonnegligible relatively to the volume of the drop. In such a situation, a drop climbing a helical fiber has a smaller volume when reaching the top of the helix and satellite droplets are visible in every loop bottom. The problem of fluid deposition on a moving fiber has been addressed by Quéré [2] . He showed that the thickness of the fluid deposition only depends on the capillary number which, in our context, is given by Ca = ηRω/γ. The volume of the fluid deposition during a single turn of the helix is 4π
2 bRh with h the fluid film thickness. This amount of liquid is lower than the drop volume V if h/b < V /4π 2 b 2 R. Considering that the drop volume is close to the maximal one V m,0 , we get V /4π 2 b 2 R a 2 /πbR 0.1 in the case of of our experiments. The relation h/b < 0.1 is verified if Ca < 0.01 which means for a silicone oil drop of surface tension γ = 23 mN/m and dynamic viscosity η = 10 mPa · s and a helix radius R = 3 mm that the angular speed has to verify ω < 8 rad/s. The same consideration with the characteristics of water provides an angular speed limit of about 230 rad/s.
Drop shape
In the model developed in section 4 4.2, we do not consider the exact shape of the drop on the helical fiber. However, McHale et al. [16] and Eral et al. [17] have shown that on a straight fiber, a drop adopts either a barrel or a clam-shell shape as a function of its volume, the contact angle and the radius of the fiber. In our situation, the transition between these two configurations may impact the length of the contact line between the drop and the fiber and thus the capillary force. Such an effect may change the prediction of the critical drop volume to slide down a tilted fiber (Eq. 1). Finally, the transition between a barrel and a clam-shell shape of the drop may explain the discrepancy between experiments and theory observed in Fig. 4 .
CONCLUSION
This article describes the behavior of a liquid drop on a rotating helical fiber. If the liquid perfectly wets the fiber, the drop follows the helix motion if its axis has an angle α relatively to the horizontal lower than a critical value α c = π/2 − β with tan β = p/2πR. In this regime, the system works as an Archimedes water screw and rises liquid droplets against gravity. Above the critical angle α c , the local slope of the helical structure is everywhere negative and the drops has no other choice than to slide downwards. If the liquid does not perfectly wet the fiber, an additional regime occurs in which the drop is attached to the fiber and stays in a given loop of the helix. This behavior is due to the hysteresis of the contact angle of the liquid on the fiber. The transition between drop attachment and the two others regimes happens for a critical drop volume V m,α which is predicted theoretically. By tuning the helix geometry (pitch and radius) and its orientation, one is able to control the motion of a drop or to avoid its stagnation. Such a control of the motion of a liquid droplet is relevant in the context of digital microfluidic on wires [10, 18] and for manipulation of chemical or biological liquids which need to avoid human contact. Finally, a perspective of this work can be the study of droplets dynamics on fibers with complex geometries.
